ABSTRACT Vertical profiles of virus-like particles (VLPs] and bacteria were determined by near-synoptic sampling through the water column and 15 to 25 cm into the sediment at 5 stations across the mouth of Chesapeake Bay, USA. VLPs were about 10 times more abundant in the pore water (grand mean = 3.6 X 10' VLPs ml-l) than in the water column (grand mean = 3.8 X 107 VLPs ml-l). Similarly, bacteria counts were about 3 tmes higher in the pore water (grand mean = 6.5 X 10' bacteria ml-l) than in the water column (grand mean = 2.4 X 106 bacteria ml-l). The virus to bacteria ratio (VBR) was greater in the pore water (range = 29 to 85) than in the water column (range = 12 to 17). The VBR was lowest in the water-over-boxcore samples and variable in the pore water. Counts of VLPs and bacteria were positively correlated in the water column, although neither was correlated to chlorophyll a. In the water column, VLP and bacteria counts exhibited significant differences among stations, with the highest values on the southern side of the Bay mouth. In the pore water, VLP abundance varied with depth and was negatively correlated to grain size. Bacteria abundance was highest at the sediment-water interface, decreased in the first cm of sediment, was uniform in the deeper horizons, and showed no significant relationship with grain size. Bacteria counts in pore water were not significantly different among stations. In contrast, VLP abundances in pore water were significantly different among stations, although they did not increase in abundance from north to south across the Bay mouth, as did counts of water-column VLPs. These are the first data ind~cating the abundance of VLPs below the surface layer of sediment In aquatic systems and demonstrate that VLPs are components of the sedimentary microbial community to at least 25 cm depth.
INTRODUCTION
Although the existence of aquatic viruses has been known for decades (Spencer 1955 , Valentine et al. 1966 , Torrella & Morita 1979 , their prominence as functional members of aquatic microbial communities first was hypothesized when high numbers, on the order of 10'' to 10' viruses and virus-like particles (VLPs) rnl-l, were counted in fresh-and saltwater environments (e.g. Bergh et al. 1989 O Inter- Research 1998 , Proctor 1997 . Subsequent field and laboratory experiments demonstrated that viruses can control aquatic microbial populations at various trophic levels. Within the microbial food web, for example, bacteria can be killed by viruses at a rate equal to or greater than mortality caused by the agents thought to be their primary grazers, heterotrophic protozoans (Proctor & Fuhrman 1990 , Fuhrman & Noble 1995 , Weinbauer et al. 1995 . Furthermore, up to 62% of the mortality of free-living marine bacteria and 52 % of particle-associated marine bacteria may be attributable to viruses (Proctor et al. 1993) , with an average of 20% of marine heterotrophic bacteria infected (Suttle 1994) .
Given the potential for viruses to control marine and freshwater microbial communities (Mathias et al. 1995 , Middelboe et al. 1996 and, therefore, production of dissolved organic matter and nutrient cycling, viral infection has been incorporated into models of marine pelagic microbial food webs (Bratbak et al. 1992 , Fuhrman 1992 , Murray & Eldndge 1994 ). Yet, little is known about the abundance, distribution, and functional role of viruses in sediments. There are only a few reports concerning naturally occurring benthic viruses, all of which have demonstrated viruses to be more abundant in surface sediment and pore water than in the overlying water. Viruses were 10 to 1000 times more abundant in the top 1 cm of sediment in Lac Gllbert, Canada, than in the water column (Maranger & Bird 1996) . Similarly, viral counts in surface sediments in Key Largo and Tampa Bay, USA, were almost 100 to 1000 times greater than counts from the water column . Viruses in pore water squeezed from the uppermost cm of sediment from the Chukchi Sea were about 9 times more abundant than viruses in the surface water (Steward et al. 1996) .
There has been only 1 report of VLPs in pore water (Steward et al. 1996) and no reports of viruses below the surface horizon of the sediment. To ascertain whether there exists a significant VLP pool in pore water of the lower Chesapeake Bay (USA), we took preliminary samples from a single site in February 1996 (Drake et al. 1997) . We found VLP concentrations of 108 ml-' in sediment horizons extending to 8 cm, and we subsequently designed and carried out a more geographically extensive sampling of lower Chesapeake Bay sediments. In this paper, we present vertical profiles of VLPs and bacteria at the mouth of Chesapeake Bay, profiles that extend from surface waters, through the water column, and into the sediment. We use these data to infer possible functional roles of VLPs in the sediment communities of coastal areas.
MATERIALS AND METHODS
Study site. Samples were collected on 4 March 1997, during the spring phytoplankton bloom (Dobbs et al. unpubl, data) , at 5 stations along a transect across the mouth of the Chesapeake Bay (Fig. 1) .
Water-column samples. An SBE25 CTD (Sea-Bird Electronics, Inc., Bellevue, Washington) was used to determine vertical profiles of water temperature, salinity, and density. A submersible pump was used to collect water samples from the surface, mid-depth, and 1 m above the bottom at each station. The pump was flushed for 1 min at each depth before 3 independent, triplicate samples were taken for direct counts of VLPs, direct counts of bacteria, and for determination of Sediment pore-water samples. At each station, the boxcore was deployed 3 times; thus, 3 independent, replicate sediment samples were collected from each sediment horizon at each station for analysis of VLP and bacteria abundances in pore water. The vertical profile of sediment collected by the boxcore was exposed, and samples were removed from 6 horizons: sediment-water interface, 0-1, 1-2, 2-3, and 3-4 cm, and deep (1 cm sample between 11 and 27 cm depenciing on the depth of the core) (depths are relative to the sediment-water interface). Samples of sediment for VLP and bacteria counts in pore water were collected in sterile 15 rnl disposable centrifuge tubes. Samples for determining sediment characteristics were collected in glass vials. Sediment samples for VLP and bacteria counts in pore water were centrifuged upon return to the laboratory in a Damon/IEC Division HN-S centrifuge for 10 to 50 min at ca 745 X g to express pore water. In some cases, the amount of pore water extracted was sufficient only for single or duplicate samples. Water-column and sediment pore-water sam-ples for VLP counts were diluted 2x and 100x, respectively, with 0.02 pm-filtered distilled, deionized water. Pore-water samples for bacteria direct counts were fixed with filtered (0.2 pm) formalin (2.6% final concentration of formaldehyde).
VLP enumeration and counting accuracy. VLPs were counted using the method of Hennes & Suttle (1995) . Briefly, upon return to the laboratory, unfixed water-column and sediment pore-water samples were diluted with 0.02 pm-filtered distilled, deionized water. Next, diluted samples were filtered onto 0.02 pm-pore size AnodiscTM filters (Whatman International Ltd, Maidstone, England) and stained in the dark for 2 d at room temperature with a cyanide-based working solution of the nucleic acid stain Yo-ProTM-l iodide (491/509) (Quinolinium, 4-[(3-methyl-2(3H)-benzoxazolylidene)methyl]-l-[3-(trimethylammonio)propyl]-diiodide) (Molecular Probes, Inc., Eugene, Oregon). Filters were rinsed twice with 0.02 p-filtered distilled, deionized water, placed on microscope slides, and stored in the dark at -85°C until they were randomly chosen (in groups of 2), thawed in the dark at room temperature for ca 5 min, and VLPs were counted using an Olympus BX5O System Microscope with a BX-FLA epifluorescence attachment.
VLP controls and counting accuracy. Five control filters were prepared using only 0.02 pm-filtered distilled, deionized water and their average VLP count was subtracted from values determined in field samples. In order to determine the number of microscopic fields necessary to estimate accurately the number of VLPs on a filter, a running variance:running mean ratio was calculated from VLP counts of pore water collected at Stn 3.
Efficiency of VLP extraction from pore water. A known concentration of coliphage T2 in 0.85 % saline was added to archived sediment from the study site by mixing the sediment-coliphage mixture on a medium setting for 10 s using a Fisher Vortex-GenieTM. Pore water was expressed by centrifuging samples for 10 min at 634 X g, and VLPs were counted as described above. Extraction efficiency was determined by dividing VLP counts in coliphage-amended pore water (n = 4) by the sum of counts in un-amended pore water (n = 3) plus counts of the known concentration of coliphage (n = 4).
VLPs versus dissolved DNA. It is conceivable that dissolved DNA within water samples could bind to YoProTM-l and thereby inflate estimates of VLP abundance. Hennes & Suttle (1995) demonstrated this scenario is unlikely to occur with water-column samples. However, it was appropriate to test this possibihty using pore water given that sediments contain high numbers of bacteria (Rublee 1982) , a potential source of dissolved DNA. VLP counts were compared between pore-water samples treated with the DNA-degrading enzyme Deoxyribonuclease I (DNase I) and controls. 250 Kunitz un~ts of DNase I (Type 11, from bovine pancreas, Sigma Chemical Company, St. Louis, MO, D-4527) in 25 p1 of 0.15 M NaCl was added to a 1 m1 sample of pore water and incubated at room temperature for 30 min (Suttle 1993 , Hennes & Suttle 1995 . This amount of DNase will digest several pg ml-' of DNA dissolved in seawater (Hennes & Suttle 1995) . To a 1 m1 control sample of pore water, 25 p1 of 0.15 M NaCl was added, and the sample was also incubated. Next, both the control and experimental samples were diluted 100x, 4 subsamples were removed from each, and VLPs were enumerated.
To confirm the DNase digested DNA in seawater, its activity was assayed. 250 Kunitz units of DNase was added to 35 pg ml-I of DNA (Type I, 'highly polymerized' from calf thymus, Sigma Chemical Company, D-1501) in seawater (salinity = 20, representative of pore water at Stns 1-5), and the temporal change in absorbance at 260 nm was monitored using a Shimadzu UV-visible recording spectrophotometer UV16OU.
Bacteria enumeration. Formalin-fixed samples were stored in the dark at 4°C for 1 wk until they were filtered onto 0.2 pm black polycarbonate filters (Poretics, Livermore, California) and stained with the nucleic acid stain DAPI (4', 6-diamidino-2-phenylindole) (final concentration of l pg ml-') (Sigma Chemical Company) (Porter & Feig 1980) . Filters were stored in the dark at -85°C for 2 mo until the bacteria were counted using epifluorescence microscopy (see above).
Chl a determination. Filters were wrapped in foil and stored at -85°C until they were homogenized, and chl a was extracted in acetone and measured fluorometrically (Parsons et al. 1992) . Sediment characteristics. Sediment from the study site was analyzed to determine its particle size, water content, and combustible fraction. To determine particle-size distribution, samples from the 0-1 cm horizon and deep horizon (n = 3 per horizon) were wet-sieved through a series of nested sieves (1000, 500, 250, 125, and 63 pm) using distilled water. The fraction <63 pm was collected by vacuum filtration on dried filters (Whatman GF/F). All fractions were placed into tared aluminum dishes and dried to constant mass at 60°C. Mean grain size was calculated as Folk's (Folk 1980) . To determine water content, whole sediment samples from all 6 horizons (n = 3 per horizon) were weighed, then dried to constant mass at 60°C. To determine the combustible fraction, a surrogate measure of organic content, samples from all horizons (n = 3 per horizon) were placed in tared aluminum dishes, dried overnight at 60°C, combusted for 4 h at 450°C deepest water-column samples (Fig. 2) . The increase was most likely an artifact of sampling due to the resuspension of algae at the sediment-water inter-
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face, an area with elevated microbial biomass (e.g. cooled in a desiccator, and weighed again to determine the mass difference following combustion. Data analysis. Data were analyzed using SAS version 6.09 (SAS 1996) . means of VLP counts in the water column and pore water, respectively. A running variance : running mean ratio was calculated to determine the number of microscopic fields necessary to estimate accurately the quantity of pore water VLPs on a filter (data not shown). The ratio stabilized after eight 100 X 100 pm fields were counted, with an average number of 33 VLPs per field. For all samples in this study, therefore, VLPs in 10 fields were counted on each filter.
VLP extraction from pore water
Mean efficiency of VLP extraction using coliphage T2 was 65.3% (SE = 2.9) (data not shown). VLP counts from field samples were not corrected to reflect this efficiency, however, because viruses used for the efficiency test were a monoculture of 1 size class (70 X 100 nm head diameter), and they did not reflect the size range of VLPs of natural seawater, typically 20 to 250 nrn head diameter (Bersheim 1993 , Fuhrman & Suttle 1993 , Proctor 1997 , with smaller viruses most abundant (30 to 60 nm, Bergh et al. 1989 , Wommack et al. 1992 <60 nm, Bratbak et al. 1990 , Cochlan et al. 1993 .
VLPs versus dissolved DNA RESULTS

Hydrographic data
The water column was strongly stratified at all stations across the mouth of the bay, based on changes of temperature and salinity with depth (Fig. 2) . Water temperature ranged from 7.6 (Stn 1, surface) to 8.9"C (Stn 5, mid-depth), and salinity ranged from 16.2 (Stn 4, surface) to 28.0 (Stn l , bottom). Density profiles (sigma-t) were forced by salinity at Stns 1 to 3 and by both temperature and saljnity at Stns 4 and 5. Average chl a values in water-column samples ranged from 7.7 (Stn 5, bottom) to 19.5 mg m-3 (Stn 4, botThere was no significant diiference in the concentration of VLPs in DNase-treated pore-water samples and control samples (t-test, p = 0.16; data not shown). The DNase assay showed degradation of DNA within 10 min and a change in absorbance of 0.0012 min-' ml-' of DNA substrate (data not shown).
VLPs in the water column and pore water
VLP concentrations were about 10 times higher in pore-water samples (grand mean = 3.57 X 108 VLPs ml-l) than in the water-column samples (grand mean = 3.83 X 10' VLPs ml-') ( Fig. 3) (p = 0.0001, Wilcoxon rank sum test). The grand means of the VLP concentrations in the water-column samples varied significantly among stations (range of the grand means = 3.03 to 5.00 X 107 VLPs ml-l), increasing steadily from Stn 1 (Table 1 ). In contrast, VLP concentrations in the pore-water samples were more variable at each depth horizon and with depth in the sediment (Fig. 3 ) . Although the grand means of the VLP concentrations were significantly different among stations (range of the grand means = 2.17 to 4.44 X 10' VLPs ml-l), they did not exhibit the steady north to south increase seen in the water-colun~n values (p = 0.0007, l-way ANOVA on ranked data) ( Table 1) . A consistent pattern among stations was a 7.3-to 18.7-fold increase in average VLP concentrations in sedirnent-waterinterface samples relative to WOC samples.
Bacteria in the water column and pore water Bacteria concentrations were significantly higher in the pore-water samples (grand mean = 6.52 X 106 cells ml-l) than in the water-column samples (grand mean including and excluding WOC samples = 3.34 X 106 cells ml-' and 2.38 X 106 cells ml-l, respectively) (n = 1 to 3) (Fig. 4, Table 1 ) (including and excluding WOC samples, p = 0.0001, Wilcoxon rank sum test). The means of the bacterial densities were similar throughout the water column (range of the grand means = 2.13 to 2.49 X 106 cells ml-l, excluding WOC samples), but increased about 3-fold in the water overlying the sediment in the box core. The increase in bacteria abundances in the WOC samples is likely due to a sampling artifact; see the argument in 'Hydrographic data' section. Differences among stations in water-column bacteria densities were significant, with highest values at the southernmost station, when WOC samples were excluded from the calculations (p = 0.038, l-way ANOVA on ranked data) ( Table 1) . Within the porewater samples, mean bacterial concentrations were maximum at the sediment-water interface, decreased in the first cm, and changed little (4.27 to 5.81 X 106 cells ml-l) down to 15 to 25 cm depth (Fig. 4) . Bacterial densities in the pore water did not vary significantly among stations (Table 1) .
Virus to bacteria ratio (VBR)
The average VBR in the water column was similar among stations and ranged from 11.8 to 17.2 (Fig. 5) . The lowest VBR at each station was in the WOC sample (Fig. 5) , a result caused by the high bacterial counts in these samples (Fig. 4) . Within pore-water samples, the average VBR was consistently higher and more variable than in water samples and ranged from 29.3 to 84.7 (Fig. 5) . 
Sediment characteristics
The sediments from each station consisted of very fine to medium sand, with mean particle size varying from 99 to 370 pm and an average silt-clay percentage varying from 2.9 to 30.7% ( Table 2) . The average water content of the sediment ranged from 16.8 to 32.1 % across stations (data not shown). The average combustible fraction of sediment from all stations ranged from 0.3 to 2.1 % (data not shown). Percent water covaried positively with percent combustibles; otherwise, there were no trends among stations.
Property-property plots
There was a significant, positive correlation between VLPs and bacteria in the water-column samples when WOC data were excluded from the calculations (Spearman's coefficient, r, = 0.31; p = 0.04) (Fig. 6a) . No significant correlation was obtained, however, in a comparison of VLPs and bacterial abundances in samples from sediment pore water. Likewise, no correlation was apparent between VLPs and bacteria abundances in samples from water over the core. Note that VLP concentrations varied much less in the water column than in the pore water. When only sediment samples were examined, there was a significant negative correlation between VLP counts and mean particle size (Spearman's coefficient, r, = -0.42, p = 0.035) (Fig. 6b ). There were no significant correlations between VLP abundance and percent water content or percent combustibles (data not shown). Mean particle size (pm) 
DISCUSSION
Bacteria and VLPs at the mouth of the Chesapeake Bay were more abundant in pore water than in the overlying water column, a result anticipated from synthesis of ecological , Maranger & Bird 1996 , Steward et al. 1996 and public-health literature (e.g. Gerba et al. 1977 , Smith et al. 1978 , LaBelle et al. 1980 ). The present study confirms previous research and extends our knowledge of VLP distributions to deeper sediment horizons. Our study represents a first step to understanding the distribution of viruses in sub-surface sediments. Given the geographic breadth inherent in our sampling scheme, plus the number of parameters measured (VLPs, bacteria, grain size, etc.), we chose to quantify microbial constituents only in the pore water, not from the bulk sediment as well. In this discussion, we will compare our results with those of earlier studies, and consider how virus-bacteria interactions in the sediments may contrast with those in the water column.
VLPs and bacteria in the water column Previous water-column studies have shown that increases in virus abundances are associated with the thermocline (Weinbauer et al. 1995) ' increases in bacterial abundance (Bird et al. 1993 , Cochlan et al. 1993 , the chl a maximum (Boehme et al. 1993) or proximity to surface (Hara et al. 1996) and coastal waters (Cochlan et al. 1993 ). In contrast, Wommack et al. (1992) found no difference in viral abundance between surface-and bottom-water samples in the mesohaline portion of Chesapeake Bay, even when the water column was stratified and bacteria were more abundant above the pycnocline than below it. In addition, they found no association between virus counts and sampling location. In the present work, VLP counts in the water column were not correlated with chl a values; however, there was a positive and significant correlation with bacteria abundance, and a significant difference with location across the Bav mouth.
VLPs and bacteria in the sediment
This first report of sub-surface distributions of VLPs demonstrates that viruses are numerically significant components of the microbial community not only at the sediment-water interface, but also to a depth of at least 25 cm in sediments from the lower Chesapeake Bay. Furthermore, VLP abundances varied inversely with sediment grain size at both surface and deep horizons. Estimates of VLPs in marine and freshwater sediments vary over 3 orders of magnitude, from 107 to 10'' ml-', with the lowest estimates from pore water and the highest estimates from counts of viruses extracted from bulk sedirnents , Maranger & Bird 1996 , Steward et al. 1996 .
The large range of values likely arises, in part, from methodological differences (see below); however, differences among VLP estimates mostly depend on whether bulk sediment or pore water was analyzed. Although there has never been a side-by-side comparison of VLPs in bulk sediment and pore water, our data and limited reports in the literature suggest that VLP abundance is greater in bulk sediment than in pore water. The inventory of VLPs extracted from bulk sediment includes particle-adsorbed VLPs as well as VLPs in pore water. Therefore, it is not surprising that counts of VLPs extracted from bulk sediment can be orders of magnitude higher than counts from pore water alone. In the particle-rich environment of sediments, therefore, we hypothesize that most viruses will be adsorbed and only a small percentage of them will be found in the pore water.
The VBR in Chesapeake Bay pore water was greater than in the water column (ratios ranged from 29 to 85 and 12 to 17, respectively). In the Chukchi Sea, the VBR in pore water (surface 1 cm) also was higher than in surface water (ratios were 12.9 and approximately 4.0, respectively) (Steward et al. 1996) . The trend of a higher VBR in pore water of marine sediments con-trasts with results from freshwater sediments, where the VBR is generally lower. In freshwater Lac Gilbert, Canada, with the exception of 1 sample, the VBR in surface sediments was lower than that in the water column (ratios were approximately 1.4 and 13.3, respectively) (Maranger & Bird 1996) . The comparatively high VBR determined in the present study may arise from methodological differences. We counted viruses using epifluorescence microscopy, a technique up to 7 times more efficient (Hennes & Suttle 1995 , Weinbauer & Suttle 1997 than the transmission electron rnicroscopy method used in the other studies (Maranger & Bird 1996 , Steward et al. 1996 .
